The aim of the present study was to quantify the inter-day reliability of force platform data from horses at the trot. The subjects were ten horses judged to be sound on the basis of clinical evaluation and similarity of ground reaction force peaks of left and right limbs. The same handler trotted horses in hand for four consecutive days over a force platform at their natural and comfortable velocity between 2.70 and 3.60 m s 21 . For each horse, velocity was controlled in a range of^0.15 m s 21 . Five contacts per limb were recorded on each day. Custom-written code in MATLAB was used to smooth the data and time-normalize to 101 data points. The agreement boundary was used to determine the reliability of seven force variables. Stance duration, peak vertical force and vertical impulse were the most reliable variables (, 10% variability in the mean), while peak braking and propulsive forces and impulses had larger variation across the three days (. 20% variability in the mean). Variables with low variability may require fewer animals, trials and days to obtain accurate data while maintaining adequate statistical power. These results may act both as a reference when studying variability in lame horses and as a guide for planning future equine kinetic studies.
Introduction
Force platforms have been used to study the gaits of sound horses at walk or trot [1] [2] [3] [4] [5] to compare differences in data from clinically sound and lame horses [6] [7] [8] and to monitor treatment of lame horses 9 . Knowledge of the reliability of ground reaction force (GRF) data is required for studies that compare data collected on sequential days, with or without some form of intervention. Force data from trotting horses evaluated once annually for three years showed no significant differences in any of the measured parameters 3 and recordings at a 24-hour interval showed minimal variation 9 . On the other hand, some significant differences were found in GRF data for a sound horse at walk on two consecutive days, but it is unclear whether velocity was controlled 10 . In trotting greyhounds, inter-day variation has been documented over three days in terms of coefficients of variation (CVs) for peak vertical force and impulse 11 . Few statistical tests are appropriate for calculating reliability. For two or more repeated measures, interclass correlation and agreement boundary can provide a single quantification of reliability for each variable. Agreement boundary provides a measure of agreement between datasets. Advantages include ease of calculation and the derivation of meaningful information in the same units as the measured variable 12 , but interpretation of this statistic has a subjective component with regard to whether the reliability is acceptable. The present study illustrates the use of the agreement boundary method to determine the reliability of seven GRF variables.
Force data are often used to evaluate a horse's gait before and after some form of intervention. Data describing the short-term reliability of GRF data are needed to indicate how much variability is to be expected. This information can serve as a reference for planning future studies in that small inter-day variation would indicate that data collection on a single day is representative of the GRFs and that data on consecutive days can be expected to be similar. Thus, knowledge of reliability helps establish the number of trials, days and animals needed to obtain meaningful results and to interpret the results of studies involving repeated evaluations of GRF data. In addition, the expected variation for a sound horse can be used for comparison of variation in lame horses. The aim of this study was to quantify the short-term inter-day reliability of force platform data of horses at trot.
Materials and methods

Horses
Ten clinically sound horses were used (mass 452-556 kg; height 1.35-1.59 m). Paired t-tests confirmed symmetry of vertical GRF peaks in the left and right limbs (P , 0.05).
Data collection
The university's ethical use committee approved the protocol. Data were captured on a personal computer at 1200 Hz from a force platform (LG6-4a; AMTI, Watertown, MA). A marker used for calculating velocity was placed on the horse's back and was tracked using eight Eagle cameras and RT4.2 software (Motion Analysis Corporation, Santa Rosa, CA).
Since the horses were unfamiliar with the testing environment and protocol, they were walked over the force platform several times before commencing data capture. The same handler led all the horses by hand in a straight path across the force platform. Each horse trotted at its natural and comfortable velocity. On the first day of data collection, mean velocities ranging from 2.70 to 3.60 m s 21 were established in individual horses. On subsequent days, trials were accepted if they were^0.15 m s 21 from that horse's mean velocity. Since the objective was to examine variability within individual horses, it was not necessary for all horses to trot at the same velocity, whereas in studies that make comparisons between horses, velocities should be identical or scaled to body dimensions. Five force platform contacts per limb were recorded at the horse's target velocity on each day for four consecutive days.
Data analysis
Force measurements were normalized to body mass. Custom-written code in MATLAB version 13d (Mathworks, Natick, MA) was used to smooth the data using a 40-Hz fourth-order Butterworth low-pass filter, time-normalize to 101 data points and calculate the desired variables. The variables used for statistical analysis were stance duration; peak vertical force (PVF); peak longitudinal braking (PBF) and propulsive (PPF) forces; vertical impulse (VI); and longitudinal braking (BI) and propulsive (PI) impulses. PBF was measured during the middle of the braking phase, not during the impact spikes.
From the four days of data collection, day 1 was treated as a habituation day on which horses became accustomed to the protocol and their natural, comfortable velocity was established. Days 2, 3 and 4 were used to determine the reliability. In one horse, two habituation days were allowed to overcome an equipment malfunction in calculating the velocity. For this horse, days 3, 4 and 5 were used to determine reliability.
Statistics
To reduce the within-individual variability, which would increase statistical power, the five trials for each recording session were averaged before calculating the mean, minimum and maximum values for all the horses across three days. The agreement boundary (^1.96 £ (2 £ MSR) 0.5 ), where MSR is the within-subject residual variance that can be obtained from analysis of the data via a repeated-measures analysis of variance 13, 14 , was then calculated for the variables across the three days, providing 95% confidence intervals. This statistic indicates the amount a force variable can change from day to day for one horse in real units (agreement boundary) and as a percentage ratio of the mean value (agreement ratio) for each force variable, which facilitates comparison of the reliability of variables of different magnitudes. After obtaining results for the seven variables, a Student's t-test (P , 0.05) was applied to compare the data from day 1 with data for the remaining days to determine if there was a significant difference after habituation. Finally, examples of the sample size needed to observe significant differences when comparing published values from lame horses to the values for sound horses were calculated using a sample size formula for an independent t-test 15 .
Results
Reliability
The mean, minimum, maximum, agreement boundary and agreement ratio for the measured variables in the ten horses over the three days are presented in Table 1 . Values shown are for the left fore and hind limbs only, as the contralateral limb pairs were symmetrical with no significant differences between the measurements. The value of the agreement boundary (s, N kg 21 or N s kg 21 ) indicates the maximum amount the value can change in an individual horse over the three days. The agreement ratio (% mean) facilitates comparisons between variables that have different magnitudes. A larger value for the agreement ratio represents a greater amount of variation and indicates that a variable is less reliable.
Stance duration, PVF and VI had the least variation over the three days with an agreement boundary (agreement ratio) of 0.02 s (6.5%), 0.60 N kg 21 (5.9%) and 0.17 N s kg 21 (9.4%), respectively, for the left forelimb. PBF, PPF, BI and PI showed greater variation (23.6-33.3%) ( Table 1) .
Habituation
Student's t-test revealed little difference between the variables on day 1 compared with days 2-4, with the only significant differences being for PPF and PI in the forelimb.
Sample size
Using a sample size equation for an individual t-test, the results for the sound horses in this study were compared with the results in a published lameness study 16 to determine the sample size required to observe a significant difference in the variables (Table 1) . For example, to detect a significant difference in PVF between this pool of sound horses and the lame horses in the published study, only three horses would be needed to maintain adequate statistical power. PVF had the smallest required sample size followed by PBF (four horses), PPF (six horses), BI (16 horses) and VI (769 horses). No sample size was determined for stance duration because the comparison study did not examine this variable. Also, no value is given for PI because the value for lame horses (0.61 N s kg 21 ) in the comparison study was identical to the value determined for sound horses.
Discussion
The results show that stance duration, PVF and VI had low inter-day variability (, 10% of the mean) for all four limbs and can therefore be considered reliable variables. PBF, PPF, BI and PI had large agreement ratios (. 20%), indicating that they are less reliable. Two horses had much larger ranges for the agreement boundary than the remaining eight, showing that some individuals have more variability than others.
Previous studies have reported variability in terms of the CV, which is a measure of variability based on 66% of the data. Agreement boundary/ratio calculations are preferred because they take account of 95% of the data, but in other respects, agreement ratio can be compared with CV. For example, in a group of 20 sound Dutch Warmbloods, data from several trotting trials recorded on one day 5 yielded CV values for stance duration (6.8% for forelimbs, 6.1% for hind limbs), PVF (5.5% for forelimbs, 5.1% for hind limbs) and VI (5.8% for forelimbs, 6.7% for hind limbs) that are similar to the agreement ratios reported in the present study. In the Warmbloods, CVs for the forelimbs (PBF ¼ 16.8%, PPF ¼ 15.3%, BI ¼ 18.6% and PI ¼ 15.4%) and the hind limbs (PBF ¼ 13.3%, PPF ¼ 20.5%, BI ¼ 20.0% and PI ¼ 14.3%) 5 were lower than the values for the agreement ratio in the study reported herein (Table 1) , which may reflect that fact that CV takes account of a more limited range of data points than agreement ratio. The agreement ratio for PVF for the horses in the study reported here is substantially better than the CV of sound greyhounds evaluated at trot daily for 3 days 11 , in which CV was 11%. These results may be used as a reference and guide for planning and interpretation of future equine kinetic studies. Comparison of force variables on day 1 versus days 2-4 indicates that a habituation day may not be needed in horses that are already well trained to lead in hand. The reliability of a variable affects the number of animals, trials and days needed to obtain accurate results. For example, stance duration, PVF and VI are reliable with day-to-day reliability similar to that calculated from data collected in one day 5 , so it is logical to assume that statistical power is Table 1 Descriptive statistics of force platform variables for ten sound horses over three consecutive days at the trot. Values are from left forelimb and left hind limb. Reliability is presented in actual units (agreement boundary, AB) and as an agreement ratio (AR) of the mean (% mean). The mean and standard deviation (SD) for day 1 (not included in the statistical analysis) are also given. The sample size refers to the number of horses required to detect a significant difference in the variable when comparing sound and lame horses greater and thus the number of animals, trials and days required is smaller. PBF, PPF, BI and PI display more day-to-day variation and therefore data from a larger number of subjects and more trials per subject may be needed. This information can be used to plan future studies by acting as a reference for comparison to the variability expected in different degrees of lameness. Variability has been considered functional, and Peham et al. have proposed that less variability is, in itself, a measure or indicator of lameness 17 . Ideally, one could look at the reliability alone to determine the number of animals, trials and days needed, but it is also important to look at the variables themselves when comparing sound and lame horses. For example, since PVF is reliable and requires a small sample size, it may be a good indicator of lameness and a useful variable because animals, trials and days all can be reduced. On the other hand, a variable such as VI, which is reliable but requires an enormous sample size to detect significant differences between sound and lame horses, would not be a good variable to use in a comparison study for practical reasons and because the large sample size indicates that it would not be a good indicator of lameness. For variables such as PBF that are not reliable but have a small sample size, the number of animals required may be low, but because of the high variability in the measure, the number of trials and days required to obtain accurate results may still be high. Thus, knowledge of the reliability of a variable must be used in combination with other information to design kinetic studies. This information is also important for interpreting past studies because if they did not utilize the appropriate number of trials, days or animals the results may not be useful.
In conclusion, this study has shown that, for force platform studies, a short habituation time is adequate in well-handled horses that have already been trained to lead in hand. Stance duration, PVF and VI are highly reliable variables, whereas variables derived from the longitudinal GRF curve are less reliable. Reliability data can be combined with sample size information in planning or interpreting a kinetic study.
